
S1 NRL Memorandum Report 4518

A Comparison of the Corrosion and Stress

, Corrosion Resistance of Two Depleted Uranium
Alloys; DU-0.75 TI and DU-2 Mo

PATRICIA P. TRZASKOMA

4,4 t/ Maerial Scfnce and Technology Division

May 27, 1981

NAVAL RESFARCH LABORATORY
Washu~ton, D.C.

APproved for pubk emkw; dimsuoiaw unnW ,d.

S6 18 11



SECUO*T4 fLASSIFICATION OF THIS PAG.E (WA.n Dots Eitte.d)

PAGE READ INSTRUCTIONSREPORT DOCUMENTATION PAE3EFORE COMPL ETING FORM

I. TlM Aum #4. GOVT ACCESSION NO. 3. NECiPiENT'S CATALOG NUMBER

NR Memorandum R04.t, 18 AO _______________

4. TITLE (and SubtII A TYPE or REPORT II PERIOD COVIRED
_ý OMPARISON OF THE,%CORROSION AND -3RESS Interim report on a continuing
oCRROSION ,R.ESISTANCE OF.TWO ..PEPLETED URANIUM NRL problem

ALOY;pL40.75 Ti AND DJJ-2 Mo., S. PERFORMING ONG. REPORT NUMBER

* ROTW~rAV0. CONTRACT OR GRANT NUMUERt.)

L ii P. /Trzaakoma \(/
I.PROMN RGANIZATION NAME AND ADDR999 t. PROG RAM KLEMENT. PRO1JE9CT, TASK

AREA A WORK UN NUMBES q
Naval Research Laboratory 6271l2EI 63-1045-0-1
Washington, D.C. 20375

It. CONTROLLING O FrICK NAME AND ADDRESS 12* 014011RT DATE
Defense Advanced Research Projects Agency / ~ / MyWs18
Arlington, VA 22209 1NMEROF PAGES

14. MONITORING AGENCY NAME A AOORIES5(it different from Controlling 0111..) IS. SECURITY CLASS, (. at. IOhrport)

UNCLASSIFIED
100. OECk~ASSIFICA TIONICOWNIGRAOIDIW

S ULE

14. OISTRIISUTION STAT9MtNT rat lthi Report)

Approved for public release-, distribution unlimited,

I?. DISTRIBUTION STATEMENT (f the abstract entered lin Block 20, It different from Rope~l)

IS. SUPPLEMENTARY NOTES

St. KEY WORDS (Continue on reverse side It necessary wed Identify by black num~ber) I

CndealepeietlwrcocrigteoroinrtsStscorrosionbeaian
Sfetsrof corrosion ontemhacsprpresodeltduaimalyhsbenefre.

Balsequecewtrepctohi applicationsnsl o h orso aeo U 4T nrae
_1011AC (Con(Continreued)

D0. A" aide EDIIO OF *w en NOVtit byt OBSOkumbTE
Cosierbl exeiment4alO workonceningtheorroion _atesstrescorosinbeavioan

effects ~ ~ ~ ~ ~ ~ ~ ~ SEURT ofcroino hCehaia rpriso e leted CAO uraiu allo s PAi E been protrmed

Inti td aafrto los U07 1adDU2Mi he niomet aebe olce



"t ChIT V CL ASIFI CAVION OF THIS P ACE W. ,, V.'. EnI.t.dJ

20 ASSTRACT (Cofnl-enud)

sharply, The weight loss in thirty days is about 77,, of the total weight. No data was found
for the molybdenum alloy in salt fog. Further t×xperimental wArk is suggested.

J)J

SKi'URI!Y CLASSIFICATION OF THIS PAOIr(1hfl Dalta. MRl.d)

ii



CONTENTS

INTRODUCTION ................................................ I

BACKG ROUN D ...............................................................................................................

D A T A ................................................................................................................... . . . ... 2

1. W eight Change Studies .............. ......... ........................................ 2
2. Stress Corrosion Studies ....................................................................................... 3
3. M echanical and Ballistic Studies ........................................................................... 4

CONCLUSIONS .............................................................................................................. 4

ACKNOW LEDG M ENTS ................................................................................................. 5

REFERENCES ................................................................................................................. 5

II

iii

L, - 'A



A Comparison of the Corrosion and Stress Corrosion Resistance of Two
Depleted Uranium Alloys; DU-0.75 Ti and DU-2 Mo

INTRODUCTION

Depleted uranium (DU) alloys are of especial interest to the military because of their ex-
cellent performance in armor defeating applications. Presently the Navy uses DU-2 Mo for the
PHALANX penetrator and the Air Force uses DU-0.75 Ti for the GAU-8 penetrator. While
the rationale for the Navy's selection of DLI-2 Mo is somewhat unclear, the choice of
DU-0,75 Ti by the Air Force was based on experimental work performed at the LOS ALAMOS
SCIENTIFIC LABORATORIES wherein it was concluded that the titanium alloy shows better
concluded corrosion resistance than the molybdenum alloy.

The purpose of the present study is to collate dula from several experimental investiga-
tions concerning the corrosion, stress corrosion behavior, and effects of corrosion on mechani-
cal and ballistic properties of the two alloys in order to determine whether any differences sug-
gest a choice of alloy for future penetrator development.

BACKGROUND

Corrosion is the chemical reaction (if a metal with its environment resulting in weight loss
due to metal dissolution or weight gain due to the formation of adherent reaction products.
Significant dimensional changes as a result of corrosiun could affect the ballistic performance of
penetrators, i,e., reduce penetration performance and accuracy due to weight loss, and cause
gun jamming due to weight gain. In addition, pitting, or embrittlement due to the ingression of
gaseous reaction products could result in changes in the mechanical properties of the metal, i.e.,
hardness or fracture resistance, which would also adversely affect penetrator performance.

Uranium reacts in air at room temperature with the formation of an oxide surface film
and hydrogen. Under conditions of high humidity and at temperatures above 75 C corrosion
accelerates and the film becomes nonadherent (I). The released hydrogen reacts with uranium
resulting in the formation of solid U1. 3 (2). The solid reaction product in moist air has been
identified as U02.1, with 2-9% UH-1 depending upon the relative humidity (3). The bulk of the
hydrogen produced therefore remains in the gas phase. The corrosion of uranium is also
observed to depend upon the availability of oxygen. When the oxygen concentration decreases
the corrosion rate increases. Baker et al. (4) have found that the free oxygen combines with
released hydrogen to form 1120. The possible reactions occurring when uranium is exposed to
moist air can be summarized by the following set of equations:

Manuscripi suhnflited Mairch 9,I X I,
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U + 21120 -- UC0, 4 211.,
2H2 + 0, -" 21120 (4)
U 4- 02 - U0*

2U + 3112 - 2UII 1
2U, + 411 20 - 2UO 2 + 71-121)

Thus uranium corrosion Is dependent on the presence of' moisture and oxygent and results in

both solid and gaseous reaction products.
From the point of view of penetrator stability during long term storage under adverse

climatic conditions, three environments tire of interest-, moist atir/high temperature', moist

air/oxygen depleted (ie, moist N2)/high temperaturce and salt fog. Weight change data for
these environments are measured using standard test procedures and are an indication of gen-
eral corrosion resistance, Stress corrosion resistance is studied by measuring the time to frac-
ture at various load levels in a selected environment, or determining Ks15 (:, the threshold stress
at which stress corrosion cracking occurs. The data for weight change and stress corrosion tests
for DU-O.75 Ti and DU-2 Mo are presented in the following section. In addition, the results of
mechanical tests of DU-0,75 Ti and ballistic tests of the GAU-8 (l)1J-0,75 TI) and Phalanx
(DU-2 Mo) penetrators after environmental exposure are discussed.

DATA

1. Weight Change Studies

Weight changes due to corrc.sion are conventionally reported in mg/cm2-day. For uni-
form corrosion this parameter can be related to the depth of penetration expressed as inches per
year (ip.y,), Uhlig (5) states that corrosion rates greater than 0.05 iLp.y, are unsatisfactory for
most applications. For uranium this corresponds to at weight loss of' 6,65 mg/cm 2-day, For
metals that pit, such as uranium, weight loss data can only be broadly interpreted; that is, small
weight losses concentrated in local areas could result in unfavorable service of the material.
Table I summarizes the weight change data for DU-0,75 Ti and DU-2.0 Mo collected from the
experimental results of several investigators, Since the corrosion rate varies with time for the
experimental conditions examined, the data includes the time tit which the weight loss was
determined. In one case (reference 8) only the total test time was reported. Figures 1-4 arc
the weight change time curves for the three environments of interest, In most cases experi-
mental tests were performed using actual penctrators and these are designated in Table I. In
the other cases the type of sample is indicated and, where materials were flabricated by several
techniques, the minimum weight change is reported,

In moist air GAU-8 penetrators were observed to gain weight up to 18 days due to the
formation of an adherent fillm. Following ihis time, localized pitting with the formation of' at
loose powdery oxide was observed (6). For the Phalanx penetrators, only weight losses were
observed. These weight losses increased with time and becamne constant after about 1O0 days
(7),

In moist, hot, deoxygenated air the bare D)1t-0t.75 'i penctrators were attacked more
severely than in air (6), The corrosion was rapid in the first few days resulting in ai weight gain
at which time oxide spallation took place. This spIllation became large enough to cause an
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overall weight loss. Fishman and Wishard found that Phalanx penetrators encapsulated in
nylon sabots failed in 10 days at 70*C and 95% relative humidity. Thus the corrosion of the
molybdenum alloy is also affected by the lack of oxygen.

In salt fog, GAU-8 penetrators were observed to follow a linear weight loss due to the
formation of nonadherent oxide and chloride complexes (6). No weight change data was avail-
able for DU-2 Mo in salt fog, Thus, although corrosion is initially rapid in moist air and moist
deoxygenated air, the corrosion rate levels off in a short time. In salt fog, the more aggressive
environment, the weight loss of the titanium alloy continuously increases.

2. Stress Corrosion Studies

Stress corrosion cracking results from the combined effects of mechanical strain and
chemical reaction. While no data is currently available on the residual stresses of DU alloys,
rf.siduai stresses in any metal can be wi, high as the elastic limit of the metal 00 1. These inter-

nal stresses coupled with an adverse Qnvironnient could rcsult in cracking of penetrator materi-
Mls.

DeJarnette and Fishman (12) have measured the time to failure of four point bend speci-
mens of DU.0.75 Ti and DU-2 Mo (cross rolled to 3 mm thickness in the gamma region and
oil quenched) in moist air (95% RH), salt contaminated moist air, and 3,5% NaCI solution at
740C. Table II shows an average of their results at stress levels (o'r) of 0,5-1,0 cry. tr is the
fiberstress at the center of the tensile face of a four point bend and was calculated using the

- 12 DEY
formula 0-r 3L - 4A2 where: D is the specimen thickness, E is Youngs modulus, Y is the

deflection, L is the distance between the two outer load points and A is the distance between
the two Inner load points. In their work the following trends were observed, In moist air at
high stress levels, the stress corrosion behavior of DU-2 Mo is somewhat better than DU-0.75
Ti. Time to failure ranged from less than I month up to 11 months, In salt contaminated
environments the time to failure is significantly less than in moist air environments, At the
highest stress levels (i.e. O-f - cry) no specimen survived longer than 300 minutes, In NaCI
solution the stress corrosion resistance of DU-0,75 Ti is superior to DU-2 Mo. At stress levels
of about 0.75 cry failure of DU-2 Mo occurred in the order of a few minutes whereas no failure
of DU-0,75 Ti was observed for several days, These results are consistent with the experiments
of Magnani (13) in which he determined K1ý(( for precracked DU-0.75 Ti alloy samples in i
100% R,.11 air and in 0,01% NaCI solution, K1sct was found to be greater in moist air. Mag-

nani also observed that penetrators made from the titanium alloy did not crack in either
environment during a six month period,

Other tests of Magnuni (14) showed that stress corrosion cracking of the titanium alloy
was transgranulur in both laboratory air (<10% R.I1.) and in 50 p.p.m. chloride-solution,
Cracking of the 2% molybdenum alloy was transgrunular in laboratory air, however, intergranu-
lar attack was observed in salt solution. Intergranular attack usually results in more severe
cracking.

Thus evidence shows that at high stress levels the stress corrosion resistance of DU.,-075
Ti is superior to DU-2 Mo in salt environments but approximately equivalent in moist air. One
further comment, however, should be made regarding the work of DeJarnette and Fishman.
Figure 5 shows the results of their stress corrosion tests l'or DIU-0.75 and DU-2 Mo in a salt
contaminated environment. An envelope has been drawn around the data for each specimen

3



1 1 IRI/ASKO)MA

and the results are superimposed. E'xamiination of lHi. 3 shows that in sahl contaminated moist
air the time to failure curves level rapidly at stress levels of about 0,4 r, for the DU-2 Mo al-
loy. This levelling is observed for DU-0.75 Ti at much lower stress levels i.e., = 0,18 ry,.
Thus while the DU-0,75 Ti alloy is more resistant to stress corrosion at high stress levels in the
salt contaminated environment, it is susceptible to cracking at much lower stress levels than the
DU-2 Mo alloy. Residual stress measurements appear to be critical in evaluating these alloys for
stress corrosion resistance.

3. Mechanical and Ballistic Studies

While it has been reported, Sandstrom (8), that the ballistic performance of uncorroded
DU-2 Mo and DU-0.6-1.2 Ti penetrators is comparable, the cl'c.cts of corrosion on the mechan- I
ical and ballistic properties of the alloys should also be considered. Several experiments have
been performed.

Weirwick (15) has tested the efTects ofe corrosion on the fracture loads and ductility of
buttressed grooved XM 774 penetrators (I)U-0.75 Ti). tlncoaled, nickel electroplated Zn-
ZnCrO4 coated, and aluminum shrouded samples wcrc mechanically tested after exposure for
one month in 95% R,11 air, distilled water, and 5% NaCI solution, In the most aggressive
environment (NaCI) only moderate corrosion, with no dimensional changes, was observed on
the uncoated samples, Mechanical tests indicated no significant changes on fracture loads and
elongation. Although corrosion was not observed on the coated samples, all showed a lower
load bearin; capability when the nickel electroplate was present, In NaCI solution coated sam-
pies showed a 9-10% decrease in fracture load. It is suggested that these results can be
explained by presuming a galvanic reaction of nickel and uranium, despite the zint, overcoat,
with the production of hydrogen. The hydrogen produced egresses into the alloy and causes
embrittlement, Thus, although exposure to corroding environments produces no visual corro-
sion effects, the mechanical properties of the coated specimens tested were changed.

While limited systematic work has been done concerning the ballistic properties of the DU
alloys after environmental exposure, two experiments are of' interest. (AU-8 penetrators that
were severely attacked in salt fog environments were tested at the Frankford Arsenal (16) and
Phalanx penetrators were tested after exposure to oxygen and oxygen depleted high humidity
environments at 71 0C for 15-40 days, Neither of thesc tcsts showed a change in ballistic pro-
perties following environmental exposure, ilowcver since evidence indicates environmental
exposure can affect the mechanical properties of I)(1-0.75 Ti, accelerated corrosion tests lol-
lowed by the ballistic testing of both alloys should be performed in order to make a ballistic
performance comparison.

CONCLUSIONS

The data from environmental tests for the corrosion of )LJ-0.75 Ti and DU-2 Mo exam-

ined in this study failed to reveal conclusive evidence for the preference ol' one of these alloys
in the fabrication of DU penetrators.

A comparative study of the corrosion of the two alloys was done in only one investigation
(8) for one environment (moist air) In this environment the total weight gain (adherent oxide
and loose product) was 1.3 mg/cm2 , for i)I.-0.6-1.2 Ti, and 9.7 mg/cm 2 for the 1)(J-2 Mo.
Using the dimensions or the GAU-8 penetrator (47.73 Lin, 31)t g) the tttal weight loss in 147
days would be 0.021% for the 1,140.75 Ti alloy and 0I. 15•" fI'r the )(I -2Mo alloy. Presuming

4
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that the weight loss is constant at'ter 150 days for hblh alloys arid since the aimount of' product is
so small, it does not appear that there would be significant dimensional changes due t1 corro-
sion on long term storage of the penctrators made 011m either inloy under these conditions,

Although the corrosion of the )LJ-0.75 Ti alloy increases dramatically in moist deoxy-
genated air and salt fog environments (exposure or CAU-8 penetrators in stilt fog environment
for 30 days results in a copious build up of corrosion pro[ducts and a total weight loss of about
7% (6).) it would be specious to argue the effect would be the srmne tor the DU-2Mo alloy.
Therefore more experimental data is required before a thorough comparison of the corrosion
behavior of the two alloys can be made. A knowledge of' the behavior in deoxygenated en-
vironments and salt fog is necessary in order to decide whether to encapsulate penetralors and
how to store them in marine environments.

A knowledge of the stress corrosion behavior of penetrator material is important in
evaluating reliability in tiring and stability during storage,. While DU-0.75 Ti appears to be
more resistant to stress corrosion cracking in stilt environments tit high stress levels the oppo-

site may be true at very low stress levels. A systematic study of the residual stresses in the two
alloys for various fabrication processes should be performed and compared with stress corrosion
data in order to design penetrators for maximum resistance to stress corrosion cracking.

Short term environmental exposure of' DU-2Mo penctrators in moist air or oxygen deplet-
ed environments shows no effect on their ballistic properties. The same was found for DU-0,75
Ti exposed to the most severe environment, NaCI, in the uncoated state. Although there was
no visual evidence of corrosion, mechanical tests of D)U-0.75 Ti showed a decrease in fracture
load for coated samples In severe environments, Simultaneous accelerated corrosion tests of
both alloys, tollowed by ballistic testing should be perrormed in order to draw accurate conclu-
sions concerning the effects of corrosion on their ballistic properties.

Evidence shows that DU-0.75 Ti can be protected frorn corrosion by sufficiently thick
coatings or electroplatcc nickel (17) galvanized zinc and elet:troplated nickel-zinc (18). No data
concerning the effects of coatings on the corrosion of DU-2 Mo were available, however, there
is no reason to suggest that suitable coatings cannot be produced for this alloy. The develop-
ment of protective coatings could eliminate the problems associated with the corrosion of pene-
trator materials.
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Table I - Weight Changes for IJU-0.75 Ti and DU-2 Mo

in Various FLnvironmenws

DU-0.75 Ti Ref DU-2 Mo Ref'

Moist Air
Environment

92% R.H, 70 C (GAU Penetrator) 6 95% R.H. 74 C 7
(Phalanx Penetrator)

(30 days) (30 days)
- 1.4 x 10-3 mg/cm2 day - 0.31 mg/cm2 day

75% R.H, 74 C (Cast Hot Extruded Rods, 9 75% R.N. 74 C 9
DU-0,6-1,2 Ti) (Cast Hot Extruded Rods)

(147 days)
+ .009 mg/cm2 day + 0.07 mg/em2 day

Cyclic Temp Humidity (Cast Rods) 10

(85-95% R.H. 28-71°C 30 days)-0.12 mg/cml day

Moist Oxygen Depleted
Environment

92% R.H. 70 C (GAU Penetrator) 6
(30 days)

+ 2.3 x 10-2 mg/cm 2 day*
Salt Fog

Environment

GAU Penetrator 6

(20 days)
- 15.6 mg/cm 2 day I

Cast Rods 10

(23 days)
- 16.5 mg/cm2 day

GAU Penetrator I I
S(0 days)

- 17.8 mg/cm2 day

'Includes spalled oxide

7
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Table 11 - Average Times to Failure of l)DJ Alloys
at Stress Levels of 0.5-1.0 cry

Environment I)J-2 Mo I)U-0.75 Ti

Moist Air 2 x 104--5 x 10 rmin 5 x 10'--10' rain

Moist Air Salt Contaminated 2-90 min 70-700 miin

3-1/2% NaCI Solution < 4 min > 104 n.i,

I
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